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The biaxial stress and thermal expansion of multilayer doped-aluminosilicate environmental barrier 
coatings were measured in situ during cooling using microfocused high-energy X-rays in 
transmission. Coating stresses during cooling from 1000 ° C were measured for as-sprayed and 
thermally cycled samples. In the as-sprayed state, tensile stresses as high as 75 MPa were measured 
in the doped-aluminosilicate topcoat at 375 °C, after which a drop in the sti;ess occurred 
accompanied by through-thickness cracking of the two outermost layers. After thermally cycling the 
samples, the stress in the topcoat was reduced to approximately 50 MPa, and there was no drop in 
stress upon cooling. This stress reduction was attributed to a crystallographic phase transformation 
of the topcoat and the accompanying change in thermal expansion coefficient. The addition of a 
doped aluminosilicate to the mullite layer did not lower the stress in the topcoat, but may offer 
increased durability due to an increased compressive stress. © 2009 International Centre for 
Diffraction Data. [DOI: 10.1154/1.3120602] 
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I. INTRODUCTION 
Silicon-based ceramics, such as silicon carbide (SiC) and 
silicon nitride (Si3N4), have been pursued as structural ma-
terials in gas turbine engines due to their low densities and 
high thermomechanical stability (Jacobson, 1993; Lee, 
2000a). However, in the presence of high temperature and 
pressure, water vapor reacts with these materials to form 
volatile silicon hydroxides. This reaction leads to recession if 
the substrate cannot be shielded (Opila, 1999; Opila et al., 
1999; Smialek et al., 1999). To protect these materials, envi-
ronmental barrier coatings (EBCs) were developed. Effective 
coatings have low diffusivities of reactive species and remain 
crack-free through the component lifetime. The most com-
mon source of residual stress and crack formation in barrier 
coatings is coefficient of thermal expansion (CTE) mismatch 
between coating and substrate. CTE mismatch and thermal 
cycling can induce tensile or compressive stresses which 
may result in cracking or spallation of the EBC layers (Evans 
and Hutchinson, 1984; Lee, 2000b; Thouless, 1991). When 
the coating is compromised, subsequent exposure to the re-
active environment severely reduces the lifetime of the com-
ponent. Therefore, it is critical to minimize these stresses 
when possible. 
State-of-the-art coating systems are plasma sprayed and 
consist of a silicon bond coat, an intermediate layer of mul-
lite (3Al20 3 • 2Si02) or mullite + 20 wt. % SrA12Si20s 
(SAS), and an EBC topcoat of Ba1_xSrxA12Si20 8 (BSAS). 
The topcoat is deposited as metastable (hexagonal) hexacel-
sian. This material undergoes a phase transformation to the 
stable celsian (monoclinic) phase upon exposure to elevated 
temperatures ( > 1200 ° C), with an associated volume reduc-
tion of 0.5% (Hyatt and Bansal, 1996). The intermediate 
mullite or mullite + 20% SAS layer acts as a reaction barrier 
between the topcoat and the silicon bond coat (Lee, 2000b: 
Lee et al., 2003). The addition of the celsian SAS phase to 
the mullite is intended to reduce residual stres~ by lowering 
the overall CTE of the layer. These EBC ::.ystems have 
proven to be effective barriers for exposures owr 14 000 hat 
1200 ° C in field tests (Kimmel et al., 2002). 
Previous investigations have utilized high-energy syn. 
chrotron radiation to investigate phase-specinc (and thus 
layer-specific) stresses using unit cell dimensions as a 
built-in strain gauge (Almer et al., 2003; Faber et al., 2007: 
Weyant et al., 2005). The goal of this work is to detennine 
the stress evolution in multilayer coatings during cooling 
from 1000 ° C in both the as-sprayed condition as well as 
after thermal cycling. 
II. EXPERIMENTAL PROCEDURES 
Multilayer doped-aluminosilicate coatings were depos· 
ited by atmospheric plasma spray onto melt-infiltrated SiCi 
SiC ceramic matrix composite coupons. Details of the pro-
cessing of these coatings can be found in previous 
publications (Faber et al., 2007; Lee et al., 1995). The thick· 
ness of the Si layer was ~ 130 µm and the mullite, mullite 
+ 20% SAS and BSAS layers were each ~200 µm. The 
final dimensions of the samples were 2-3 mmX2.5 nun 
X 5 mm. Samples that underwent thermal cycling were el· 
posed to an atmosphere of 90% H20-balance 0 2, flowing at 
2.2 cm s-1 at 1 atm total pressure. In this atmosphere. 
samples were heated from room temperature to 1300 'C. 
held for 1 h, cooled to 25 ° C and held for 0.25 h; this wa.1 
repeated a total of 100 times. Thermally cycled EBCs wert 
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Figure 1. (Color online) Schematic for the transmission X-ray experiments with in situ heating. Inset: An example of a mullite diffraction pattern recorded on 
an image plate. 
first annealed in air at 1300 ° C for 20 h in order to stabilize 
the topcoat. X-ray diffraction (XRD) using high-energy syn-
chrotron radiation was conducted at the 1-ID beam line of 
the Advanced Photon Source at Argonne National Labora-
tory. The general setup for the experiments is shown in Fig-
ure 1. High brilliance, high energy (86 keV) X-rays were 
produced by a Laue monochromator and were vertically fo-
cused using Si refractive lenses. A Mar345 image plate (345 
mm diameter, 150 µm pixel size) was set at a distance of 
-1.2 m from the sample, and a Ce02 standard was used to 
determine the sample-to-detector distance, beam tilt, and 
beam center. The X-ray beam size was 30 µm X 100 µm, 
and during each exposure the sample was translated horizon-
tally 2 mm to increase the number of diffracted grains, re-
sulting in a diffracted volume of 120-180 µm3• Stress mea-
surements for the coating layers are reported from the center 
of each layer, except in the case of the SiC/SiC substrate, 
where it is reported from 100-150 µm below the Si/(SiC/ 
SiC) interface. The sample was translated vertically with re-
spect to the beam in 50 µm steps to probe the coating layers 
and the substrate. No overlapping peaks were used in the 
evaluation. Errors in the stress measurement were computed 
based on statistical error from peak fitting and standard er-
rors from the biaxial fit of lattice parameter versus azimuth. 
The determination of strain from the forward-scattered 
diffraction rings is identical to that used in previous work 
(Almer et al., 2003; Faber et al., 2007; Weyant et al., 2005; 
Weyant et al., 2006) and will be briefly discussed here. Each 
diffraction ring corresponds to a specific crystallographic hkl 
plane that satisfies the Bragg condition. A small ratio of grain 
size to probe size and lack of texture resulted in a continuous 
ring. The azimuthal angle ( 77) designates the orientation of 
the diffracted set of planes relative to the sample. When the 
TABLE I. Measured and calculated X-ray elastic constants used for deter-
mining stresses. 
Ehkt 
Material Planes evaluated {GPa) J)hkl 
BSAS (Hexacelsian) (1 l O) 129 0.35 
BSAS (Celsian) (I 1 2) 81 0.30 
Mullite (2 2 0) 145 0.16 
BSAS (Celsian) for SAS (O 4 1) 97 0.37 
Silicon (3 1 1) 187 0.15 
Silicon carbide (2 2 0) 422 0.17 
coating is under equibiaxial strain, the ring will be distorted 
as a function of azimuth ( 77) into an ellipse. Strain as a func-
tion of azimuth is determined by 
r - r0 d0 -d e-~-~
7/- ro - do ' (1) 
where d0 and r0 are the strain-free d-spacing and radius, 
respectively (Noyan and Cohen, 1987). The strain in the in-
plane direction, ell, corresponds to an azimuthal angle of 0° 
and e33 corresponds to an azimuth of 90°. The axial strain 
components are determined from the two-dimensional detec-
tor images using equations derived by (He and Smith, 1998). 
The distortion is related to strain in the in-plane (ell) and 
out-of-plane (e33) directions. Assuming an equibiaxial strain 
state (ell =e22), the equibiaxial in-plane stress (a) in the 
coating can be calculated from 
( E ) vE O"= -- ell+( )( )(2e 11 +e33), l+v 1-2v l+v (2) 
where the modulus (E) and Poisson's ratio (v) are constants 
specific to the diffraction hkl plane being measured (Noyan 
and Cohen, 1987). In order to determine these stresses, 
plane-specific X-ray elastic constants (E, v) were determined 
by compressively loading bulk plasma-sprayed material and 
are shown in Table I. The constants used for celsian SAS 
were determined from bulk celsian BSAS, due to the similar 
crystal structure and mechanical properties of the materials 
(Hyatt and Bansal, 1996). Uniaxial compression measure-
ments were not conducted on the SiC/SiC substrate, so elas-
tic constants were estimated by averaging the Reuss and 
Voigt models using single crystal moduli (Hellwege, 1979). 
The coatings were heated to 1000 ° C using infrared lamps 
(Research Inc. Model 5075, Eden Prairie, MN) and the 
stresses were measured in situ during cooling. A thermo-
Figure 2. Backscatter electron micrographs of BSAS/mullite/Si/(SiC/SiC) 
after cooling from 1000 °C in the (a) as-sprayed condition and (b) after 
thermal cycling. Arrows indicate vertical cracks. 
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couple in contact with the sample surface acted as a feedback 
loop to the lamps. Residual stresses were measured in 
I 00 ° C increments during cooling to room temperature. The 
sample temperature was allowed to equilibrate at each step 
for ~IO min. The diffraction rings used to determine re-
sidual stresses were also utilized to determine plane spacing 
change with temperature. 
As the sample was heated, the average d-spacing of the 
hkl plane increased according to the plane-specific thermal 
expansion coefficient. The lattice parameters at a specific 
temperature were determined by simultaneously solving the 
equations that relate d-spacing and lattice parameter for mul-
tiple hkl planes. The change in lattice parameter was plotted 
as a function of temperature and a least-squares fit was used 
to determine the CTE. The reported values were determined 
from the average change of three orthogonal directions. Dif-
fraction measurements were taken from the center of each 
coating layer, and the temperature of the sample was cali-
brated using the CTE of the silicon measured by Touloukian 
et al. to be modeled as a third order polynomial (Touloukian 
et al., 1977). The silicon bond coat was within 100 °C of the 
thermocouple temperature. 
Ill. RESULTS AND DISCUSSION 
A. Microstructure 
Cross sections of BSAS/mullite/Si/(SiC/SiC) coatings 
are shown in Figure 2. The samples were sectioned and pol-
ished after the in situ cooling stresses were measured. In the 
as-sprayed sample [Figure 2(a)J the BSAS topcoat was meta-
stable hexacelsian, as verified by ID diffraction patterns. The 
roughness of the coatings was due to the plasma-spray pro-
cessing conditions and resulted in layer thicknesses varying 
by as much as ±75 µm. Through-thickness cracks were ob-
served extending from the topcoat into the mullite interlayer, 
but not into the silicon bond coat. The sample subjected to 
thermal cycling is shown in Figure 2(b). The metastable 
hexacelsian BSAS topcoat in this sample had fully trans-
formed into the stable monoclinic celsian crystal structure. 
Unlike the as-sprayed sample, there were no cracks observed 
in the BSAS topcoat, although the mullite layer showed ver-
tical cracking. The horizontal distance between cracks was 
greater than 500 µm, similar to the as-sprayed sample. Ste-
reology indicated that porosity increased from 3% to 7% in 
the BSAS topcoat after transformation to the stable celsian 
crystal structure. It was not determined if this was due to 
either the incorporation of voids from cracks or the volume 
reduction upon phase transformation. The porosity of the 
mullite and silicon layers did not change after cycling and 
were 11 % and 5%, respectively. The contrast differences in 
Figure 3. Backscatter electron micrographs of BSAS/mullite 
+SAS/Si/(SiC/SiC) after cooling from 1000 °C in the (a) as-sprayed con. 
di ti on and (b) after thermal cycling. Arrows indicate vertical cracl.s. 
the topcoat of Figure 2 (in both the as-sprayed and 
thermally-cycled coatings) were due to composition varia. 
tions of the BSAS. The plasma-spray processing quenched 
the material from a melt and resulted in some phase separa. 
tion upon cooling. Although compositions were not explic. 
itly measured, energy dispersive spectroscopy (EDS) anaJy. 
sis determined the brighter regions had a higher Ba ..:ontent 
than the darker regions. 
Cross sections of BSAS/mullite +20% SAS/Si/(SiC/SiC) 
coatings are shown in Figure 3. In the mullite+SAS inter· 
layer, there was a contrast difference between the lighter 
SAS material and the darker mullite matrix. The inhomoge-
neous microstructure of this layer was a result of m..:chani· 
cally mixing the two powders prior to spraying. Altho11gh the 
as-sprayed BSAS was hexacelsian, the SAS in the mullite 
layer in Figure 3(a) was verified via lD diffraction to be 
celsian. As in the sample without SAS, cracks appeared in 
the BSAS and mullite+SAS layers in the as-sprayed condi· 
tion. After thermal cycling, the cracks in the BSAS topcoat 
partially sintered, but not in the mullite+SAS layer. Porosity 
of the layers was similar to samples without SAS. 
IV. COEFFICIENT OF THERMAL EXPANSION 
The measured CTE values for the discrete coating layers 
between room temperature and 1000 ° C are shown in Table 
IL Expansion was linear with r-squared values of 0.97 or 
higher. To evaluate these coatings, measurements were com· 
pared to ground, powdered coating material. The sample 
temperature was calibrated using the CTE of the silicon 
(Touloukian et al., 1977). The CTEs of the four multilayer 
coating samples were in close agreement and were within 
approximately 10% of the CTE of the powdered coating ma· 
terial. This is due to the relatively low (< 10-4) strain within 
the plasma sprayed layers. Any differences between powder 
and layers were attributed to inconsistencies in the experi· 
TABLE Il. Measured coefficient of thermal expansion of multilayer coatings and ground powder. As-sprayed 
samples are designated "AS," and thermally cycled samples as "TC." All measurements are X 10-6 0 c-1• Note 
the samples were calibrated with the fixed silicon CTE. 
Material AS without SAS TC without SAS 
BSAS (Hexacelsian) 8.02 
BSAS (Celsian) 4.56 
Mullite 6.02 6.04 
Silicon carbide 4.99 5.17 
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AS with SAS TC with SAS 
8.07 
4.50 
5.97 6.06 
5.04 5.21 
Powder 
8.37 
4.28 
5.50 
5.06 
Faber et al. g6 
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Figure 4. (Color online) Cooling stress profile for the BSAS/mullite/Si/(SiC/ 
SiC) coating (a) in the as-sprayed state and (b) after thermal cycling. Errors 
were less than I 0 MPa, unless otherwise shown. 
mental setup. The BSAS CTE drops considerably upon 
transforming to the stable celsian structure, which will 
change the stresses in the multilayer sample. 
V. STRESS MEASUREMENTS 
The coating layers stresses were near zero at 1000 ° C, 
although the SiC/SiC substrate remained tensile throughout 
the experiment. The substrate was not expected to be stress 
free due to the high relaxation temperature (Tsub 
>2700 °C) of SiC. In the as-sprayed BSAS/mullite/Si/(SiC/ 
SiC) sample [Figure 4(a)], the BSAS topcoat showed an in-
crease in stress upon cooling to 300 ° C, after which the 
stress dropped to approximately 50 MPa. This decrease in 
stress was indicative of fracture, supported by observations 
of through-thickness cracks in the cross section. The CTE 
mismatch between the hexacelsian BSAS topcoat with the 
other layers leads to tensile stresses sufficiently high enough 
to cause fracture. These cracks extended through the mullite 
layer, which showed low tensile stress during cooling. In the 
silicon bond coat, there is no evidence of fracture, but the 
compressive stress increases linearly until -300 ° C, after 
which it levels off. 
Before thermal cycling, the BSAS topcoat had been 
transformed into the stable celsian crystal structure by heat 
treating to 1300 ° C for 20 h, giving the topcoat a lower CTE 
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Figure 5. (Color online) Cooling stress profile for the BSAS I mullite 
+SAS/Si/(SiC/SiC) coating (a) in the as-sprayed state and (b) after thermal 
cycling. Errors were less than 10 MPa, unless otherwise shown. 
than the underlying layers. The cooling stresses from 
1000 ° C were measured for the sample after it had been 
thermally cycled for 100 h. In the cooling stress profile [Fig-
ure 4(b)] the BSAS layer is now in compression versus ten-
sion the as-sprayed sample. Micrographs [Figure 2(b)] 
showed crack closure in the BSAS topcoat, but not in the 
mullite layer, possibly due to the higher sintering tempera-
ture of mullite than BSAS (Bhatia et al., 2005). There was no 
observation of a sharp decrease in stress upon cooling during 
the in situ measurements of the cycled sample. One can infer 
that cracks found in the cross section [as in Figure 2(b)] were 
present prior to cooling stress measurements. If these cracks 
formed during testing, as they did in the as-sprayed sample, 
obvious drops in stresses would have been observed. Cracks 
in the thermally cycled mullite layer likely formed early in 
the cycling process or upon cooling from the deposition tem-
perature. Silicon and SiC exhibited the same stresses as the 
as-sprayed sample, which indicates there was minimal 
change to the bond coat and substrate during thermal cy-
cling. 
When mullite was doped with 20% SAS, the cooling 
stresses in the as-sprayed condition mirrored the undoped 
sample. As shown in Figure 5(a), the tensile stress in the 
BSAS layer noticeably decreased at - 300 ° C, indicating 
stress relief due to fracture. Through-thickness cracking in 
the BSAS topcoat and mullite+SAS interlayer was observed 
[Figure 3(a)]. The resolved stress in the SAS shows a com-
pressive stress which reaches a maximum at -250 °C be-
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fore falling to zero due to crack propagation. Compressive 
stress in the SAS was expected, since SAS was shown to be 
celsian, which has a lower CTE than the surrounding mullite 
matrix. 
However, when the sample with SAS was subjected to 
thermal cycling, the cooling stresses show a different profile 
[Figure S(b)]. The stress magnitudes were similar to the ther-
mally cycled sample without SAS [Figure 4(b)]. The addi-
tion of celsian SAS to the mullite layer was expected to 
lower the stress in the coatings by reducing the CTE mis-
match of the interlayer with the other materials. This stress 
reduction was not observed in either the measurements or the 
microstructure; however, the topcoat exhibited larger com-
pressive stresses with the addition of SAS, which is desirable 
for EBC applications. The increased magnitude of the com-
pressive stress of the BSAS topcoat may increase resistance 
to surface cracking, improving EBC durability. This hypoth-
esis is supported by field test results that demonstrate supe-
rior protection of samples with an alloyed interlayer (Kim-
mel et al., 2002). 
VI. SUMMARY AND IMPLICATIONS 
The stress states in multilayer environmental barrier 
coatings were studied in situ during cooling from tempera-
ture using high energy synchrotron radiation. This method of 
high-energy X-ray diffraction in transmission allows for dis-
crete layers to be probed and stresses to be measured. In 
addition to determining the biaxial stresses, the thermal ex-
pansion of discrete layers were also measured. With a high 
CTE nonequilibrium hexacelsian BSAS layer, large tensile 
stresses formed on cooling in the topcoat, resulting in frac-
ture. A marked reduction in stress occurred at - 300 ° C in-
dicating formation of these through-thickness cracks. The ad-
dition of SAS to the mullite layer in the as-sprayed state did 
not significantly impact the multilayer stresses. When the 
BSAS topcoat was in the stable celsian crystal structure, the 
CTE was reduced and pre-existing cracks in the topcoat 
healed. Cracks present in the mullite or mullite+SAS layers, 
however, did not close. The overall stresses in the sample 
with SAS were larger, contrary to expectations. The crack-
free topcoat and minimal stresses of the thermally cycled 
samples show the most promise as environmental barrier 
coatings. Although samples with SAS did not exhibit lower 
stresses, the addition of this phase offers added durability by 
increasing the compressive stress of the coating layers. The 
stress measurements indicate that coatings with a stabilized 
celsian topcoat and a mullite+SAS interlayer are best suited 
to protect silicon-based ceramics in gas turbine environ-
ments. 
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